Introduction 1 2
Tropical peatland in Southeast Asia is a vast reservoir of terrestrial carbon. According to the latest estimation, 3 it covers 24.8 million hectares and stores 68.5 PgC peat that is equal to 11-14% of global peat carbon ( Malaysia, and Papua New Guinea) was 0.128 ± 0.051 PgC/yr, which was comparable to the emissions from 9 fossil fuel combustion in these countries (0.148 PgC/yr during [2000] [2001] [2002] [2003] [2004] . Several studies have suggested 10 that gas emissions from the 1997-1998 tropical peatland fires in Southeast Asia had a great impact on large-11 scale atmospheric concentrations of CO 2 , CO, and CH 4 
23
To investigate the characteristics of gas emission from biomass burning, emission ratio (ER) has been used. 24
The emission ratio of gas Y to gas X (ER Y/X ) is defined as a quotient of excess mixing ratios (ΔY/ΔX), which 25 is the ratio of the excess amount of gas Y above the background to that of gas X above the background 26 (Christian et al., 2007). For example, the ER of CO to CO 2 (ER CO/CO2 ) is widely used as a good indicator of the 27 relative amount of the flaming and smoldering combustion of biomass burning (Radojevic, 2003; Yokelson et 28 al., 2007) . On the basis of the "CO 2 -normalized" emission ratios (ER Y/CO2 ), emissions of fire-generated gases 29 are evaluated quantitatively relative to that of CO 2 , similar to the concept of global warming potential (GWP). 30
31
In this study, characteristics of gas emissions from a tropical peatland fire were investigated on the basis of the 32 ground-level observations in Kalimantan, Indonesia in 2009. Concentrations of major greenhouse gases 33 (GHGs; CO 2 , CH 4 , and N 2 O) as well as CO were measured and their ER Y/CO2 was calculated to evaluate the 34 influence of fire-generated gas emissions on global warming. were collected on September 30 and October 4, in the middle of the second fire event. During the collection, 28 the sampling location had many hot spots and was continually covered by smoke. To obtain wide ranges of 29 gas concentrations, sampling was conducted as follows: some samples were collected just above a smoking 30 hole; other samples were collected several meters leeward from major hot spots. Using a plastic syringe, 300 31 mL of air was collected in a 500-mL Tedlar® bag. Two samples were taken in duplicate at 12 sites. After the 32 sampling, CO 2 and CO concentrations were determined within 2-3 h. Before that, 20 mL of each air sample 33 was transferred to a pre-evacuated 10-mL vial capped with a butyl rubber septum using a plastic syringe 34 equipped with a side-hole needle. These bottles were shipped to Hokkaido University, Japan to analyze CH 4 35 and N 2 O concentrations. 36 37
Gas analysis 38
detector maintained at 130°C and a 2-m long activated carbon column (80/100 mesh) at 70°C with pure 3 nitrogen gas as a carrier (Shimadzu, Kyoto, Japan). N 2 O concentration was determined with a gas 4 chromatograph (GC-14B) that consisted of an electron capture detector maintained at 340°C and a 1-m long 5
Porapak N column at 60°C with PR gas (5% CH 4 in Ar; Shimadzu, Kyoto, Japan). 6 7
Numerical analysis 8 9
According to the definition, ER Y/CO2 can be calculated from a single pair of CO 2 and gas Y concentrations and 10 their atmospheric background values. However, in this study, it was difficult to determine the background 11 because more than 10 days had passed since the beginning of the second large fire in 2009 and a dense haze 12 had covered the study area during the sample collection. Instead of using the atmospheric background, 13 ER Y/CO2 was determined as the slope of a linear regression for the plot of gas Y vs. CO 2 . Helas et al. (1995) 14 also adopted the linear regression method to exclude uncertainties due to a poorly defined background. Concentrations of CO, CH 4 , and N 2 O in each gas sample generally increased with that of CO 2 in the same 24 sample (Fig. 1) . The maximum concentrations of CO 2 and CO reached approximately 2500 and 1000 ppmv, 25 respectively, and those of CH 4 and N 2 O were less than 100 and 1 ppmv, respectively. 26 27 ER CO/CO2 , ER CH4/CO2 , and ER N2O/CO2 estimated as the slope of linear regression for the whole range of observed 28 CO 2 were 0.382, 0.0261, and 0.000156, respectively (Table 1 ). All correlations were high (R 2 = 0.773-0.968) 29
and statistically significant (P < 0.001). In the case of N 2 O, additional regression analyses were performed by 30 dividing the CO 2 range into two parts. When CO 2 < 1500 ppmv, the correlation was not significant (P > 0.05). 31
When CO 2 > 1500 ppmv, the correlation was higher (R 2 = 0.954) but less significant (P < 0.05) relative to the 32 regression for the whole CO 2 range because only four samples were obtained in this CO 2 range. Such 33 difference in the correlation of CO 2 and N 2 O between the divided CO 2 ranges might be attributed to additional 34 generation of N 2 O during storage of the sample gas (discussed in 3.2). (Fig. 1) may be attributed to the dependence of additional N 2 O 38 generation on its initial concentration. For CO 2 and CH 4 , there has been no report on a major changing process 39 in gaseous composition of smoke sample during storage.
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Effect of fire-generated gases on global warming 2 3
On the basis of the ER Y/CO2 for the whole range of observed CO 2 (Table 1) , the molar ratio of all gas emissions 4 was simply given as CO 2 was equivalent to 91.2% of a simpler evaluation in which (1) only the total amount of gaseous carbon 9 emissions (CO 2 , CO, and CH 4 ) was considered, and (2) all carbon was assumed to be emitted as CO 2 (= 1.41). 10
If N 2 O emission was assumed to be zero (= 1.24), the GWP evaluation was 87.8% of the same simple 11 evaluation. These differences result in uncertainties in the evaluation of the effect of biomass burning on the 12 global warming. Therefore, evaluation of peat carbon loss only is not sufficient and it should be coupled with 13 the ER Y/CO2 of major GHGs. 14 15 CO is not a GHG; however, it affects the lifetime of CH 4 because both gases are consumed through 16 photochemical reactions with OH radicals in the atmosphere that are produced from tropospheric O 3 (WMO 17 2011). This "surface ozone", the third most important anthropogenic GHG after CO 2 and CH 4 (Denman et al. Results of linear regression analysis on each gas concentration pair to obtain the emission ratio of gas Y to gas 12 X (ER Y/X ). 13 13 / 14 All Gas X Gas Y n
